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Summary
A protein of an apparent molecular mass of 14.4 kDa with antifungal activity was iso-
lated from the seeds of Pithecellobium dulce using extraction with 100 mM Tris-HCl buffer
(pH=8.0), precipitation with 80 % ammonium sulfate, and bioassay purification via Re-
source Q anion exchange chromatography and Superdex 200 gel filtration chromatography.
The purified protein was putatively identified by tandem mass spectrometry with Mascot
database searching, with the partial amino acid sequences showing a high degree of simi-
larity to chicken egg white lysozyme. This putative plant lysozyme expressed antifungal
activity with a rather high thermal stability of up to 80 °C for 15 min (at pH=8.0). It exert-
ed an antifungal action towards Macrophomina phaseolina but displayed no antifungal activ-
ity against two other isolates, Phymatotrichopsis omnivora and Fusarium avenaceum.
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Introduction
Legume seeds are valuable agricultural and com-
mercial crops that serve as important nutrient sources
for both humans and animals (1–3). However, they also
contain antinutritional compounds, including some pro-
tease inhibitors (4–7). In general, protease inhibitors have
been shown to possess different biological effects rang-
ing from antinutritional to beneficial (4,8–10). Pea seeds
contain protease inhibitors with antifungal activities that
are secreted during germination, indicating a potential
protective role of these inhibitors (11). Pithecellobium dulce
Benth. is a woody legume native to the northwestern re-
gions of Mexico (12), but which is now introduced into
and widely distributed throughout India, Southeast Asia
(Thailand, Malaysia and Indonesia) and can also be found
in South Africa and Australia (2). This tree species has
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been used for fencing, tanning, feed and food (2,12). Due
to their high protein, dietary fiber and unsaturated fatty
acid contents, seeds of Pithecellobium species are tradition-
ally used worldwide for food and feedstuff (4–6). In-
hibitory activity of proteins has been registered in the
seeds of several Pithecellobium species, where, for example,
the inhibitory activity against trypsin in P. keyense was
higher than that described for soybean (13,14). The inhib-
itory activity identified in the extracts of P. dulce seeds
was against trypsin, chymotrypsin and papain. A pro-
tease inhibitor of the Kunitz family was isolated from P.
dulce seeds and characterized (15), whilst a Kunitz-type
protease inhibitor was isolated from P. dumosum seeds
and found to have insecticidal properties (16). Herein a
lysozyme-like protein in P. dulce seeds with an antifun-
gal activity is reported.
Materials and Methods
Plant material
Pods of Pithecellobium dulce were obtained from Khlong
Toei market (Bangkok, Thailand). A voucher specimen
(BK48622) is deposited at the Bangkok Herbarium (BK)
of the Plant Variety Protection Division, Department of
Agriculture (Bangkok, Thailand). Fresh spiral reddish-
-brown pods were peeled and the seed pulp within was
removed. The black seeds were manually separated and
stored at –80 °C until use.
Protein extraction
P. dulce seeds (100 g) were soaked in 250 mL of de-
ionized water and homogenized in 500 mL of 100 mM
Tris-HCl buffer (pH=8.0) in a blender, followed by stirr-
ing overnight at 4 °C. The extracts were filtered through
a cheesecloth and centrifuged at 5000×g for 30 min at 4
°C. The supernatant was recovered, brought to 80 % satu-
ration with ammonium sulfate at 4 °C and then centri-
fuged at 13 000×g for 60 min at 4 °C. The precipitate
was dissolved in 100 mL of deionized water and dia-
lyzed overnight (4 °C) in SnakeSkin dialysis tubing (mo-
lecular mass cut-off of 3.5 kDa; Pierce Biotechnology,
Rockford, IL, USA) against 2.5 L of deionized water with
several changes of the water. The crude protein prepar-
ation was then freeze-dried and kept at –80 °C for fur-
ther purification.
Purification of antifungal protein (G4)
The crude protein from P. dulce seeds was dissolved
in 20 mM Tris-HCl (pH=8.0) to 50 mg/mL and then 65
mL were loaded onto a 6-mL Resource Q anion exchange
column (Amersham Biosciences, Piscataway, NJ, USA)
previously equilibrated with the same buffer. Following
the collection of unadsorbed proteins, the adsorbed pro-
teins were differentially eluted with a linear gradient of
0–0.5 M NaCl in the same buffer (120 mL) at 4 °C and
with a flow rate of 6 mL/min. The absorbance of the
eluate was monitored at 280 nm to estimate protein-con-
taining fractions, and protein-positive fractions were
screened for antifungal activity as detailed below. The
only protein fractions positive for antifungal activity were
from the unbound fractions (Q1), which were pooled, ly-
ophilized and then rehydrated in 20 mM Tris-HCl (pH=
8.0) to 100 mg/mL, and 1.2 mL were loaded into a Su-
perdex 200 gel filtration chromatography column (16×60
cm; Amersham Biosciences, Piscataway, NJ, USA). The
column was previously equilibrated and proteins eluted
with 20 mM Tris-HCl (pH=8.0) at 4 °C and flow rate of 1
mL/min. Fractions were analyzed for proteins by absorb-
ance measurement (280 nm) and for antifungal activity
as described below. The active fractions, corresponding
to the fourth eluted peak (G4), were collected and ly-
ophilized.
Reducing sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE)
Reducing SDS-PAGE (12.5 % T, 4 % C; T is the total
amount of acrylamide; C is total amount of cross-linker,
which is N,N’-methylene bisacrylamide) was performed
according to the method of Laemmli and Favre (17) using
13.3×8.7 cm vertical gels. Briefly, samples were resuspend-
ed in sample buffer (62.5 mM Tris-HCl (pH=6.8), 10 %
(by volume) glycerol, 2 % (by mass per volume) SDS, 5
% (by volume) 2-mercaptoethanol) and then heated at
100 °C for 3 min. After resolution, the gels were stained
for 1 h in 250 mL of an aqueous Coomasie solution (0.1
% (by mass per volume) Coomassie blue, 30 % (by vol-
ume) methanol, 10 % (by volume) acetic acid) and then
treated three times with 250 mL of aqueous destaining
solution (30 % (by volume) methanol, 10 % (by volume)
acetic acid).
Protein determination
Protein concentration was determined by the Brad-
ford method (18) using a commercial dye reagent from
Bio-Rad (Hercules, CA, USA) and bovine serum albu-
min as the standard.
In-gel digestion
The desired destained protein band was manually
excised from the gel and cut into 1.5-mm diameter gel
plugs. Then, 25 mL of a 1:1 (by volume) of 50 mM am-
monium bicarbonate:acetonitrile solution were added and
incubated at room temperature for 15 min. This process
was repeated until the gel band was completely destain-
ed. The protein band was then dehydrated with 25 mL of
acetonitrile for 15 min at room temperature, the excess
acetonitrile was removed, and the gel band was dried
under vacuum and rehydrated for 20 min in 20 mL of
sequencing grade modified bovine trypsin (10 ng/mL;
Roche Diagnostics, Basel, Switzerland) in 25 mM ammo-
nium bicarbonate. The excess of trypsin solution was re-
moved, and 15 mL of 25 mM ammonium bicarbonate were
added to each well to prevent dehydration during in-
cubation. Proteolysis was allowed to continue overnight
at 37 °C and stopped by adding 15 mL of 10 % (by vol-
ume) formic acid. The supernatant was recovered, and
the gel band was extracted twice with 25 mL of a 1:1 (by
volume) solution of acetonitrile and 25 mM ammonium
bicarbonate, and then once more with 25 mL of acetoni-
trile. The extracts were then combined and concentrated
under vacuum to a final volume of 25 mL.
Liquid chromatography-electrospray ionization-tandem
mass spectrometry (LC-ESI-MS/MS)
Separation of the protein digests was achieved using
a nanoscale HPLC system (LC Packings/Dionex Corp.,
Sunnyvale, CA, USA) consisting of an autosampler (Fa-
mos, LC Packings/Dionex Corp.), a precolumn switching
device (Switchos, LC Packings/Dionex Corp.) and an
HPLC pump system (Ultimate, LC Packings/Dionex
Corp.). Samples (5 mL) were loaded onto a C18 precol-
umn (1.0×0.3 mm i.d., 100 Å, PepMap C18, LC Packings)
for desalting and concentrating at a flow rate of 50 mL/min
using 5 % (by volume) acetonitrile and 95 % (by vol-
ume) water containing 0.1 % (by volume) formic acid as
the mobile phase A. Peptides were then eluted from the
precolumn and separated on a nanoanalytical C18 column
(15 cm×75 mm i.d., 100 Å, PepMap C18, LC Packings) at
a flow rate of 200 nL/min. Peptides were eluted with a
linear gradient of 5–40 % mobile phase B (95 % (by vol-
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ume) acetonitrile and 5 % (by volume) water containing
0.08 % (by volume) formic acid) for over 40 min. The
separated peptides were directly analyzed with an ABI
QSTAR Pulsar i hybrid Quadrupole time-of-flight (Q-TOF)
mass spectrometer (Applied Biosystems, Foster City, CA,
USA) equipped with a nano-electrospray ionization source
(Protana, Toronto, Canada). The nano-electrospray was
generated using a PicoTip 10-mm inner diameter needle
(New Objectives, Woburn, MA, USA) maintained at a volt-
age of 2400 V. TOF-MS and tandem mass spectral data
were acquired using information-dependent acquisition
(IDA) with the following settings: charge state selection
from 2 to 5, an intensity threshold of 10 counts/s for the
tandem experiment, and a collision energy setting auto-
matically determined by the IDA, based on the m/z val-
ues of each precursor ion. Following information-depend-
ent data acquisition, precursor ions were excluded for 90
s using a window of 6 atomic mass units (amu) to mini-
mize the redundancy in tandem mass spectra.
Data analysis and Mascot searching
The acquired mass spectrometry data were queried
against the NCBInr protein database using the Mascot
(19) (v. 2.2, Matrix Science Ltd, London, UK) search engine
with a mass tolerance of 150 ppm, one trypsin miscleav-
age allowance and two variable amino acid modifica-
tions: methionine oxidation and cysteine carbamidometh-
ylation.
Antifungal activity assays
Antifungal activity was performed using sterile Pe-
tri plates containing potato dextrose agar (PDA). After
the mycelial colony had started to develop outwards
from the application zone, sterile paper disks (0.625 cm
in diameter) were placed at a distance of 0.5 cm from
the rim of the mycelial colony. An aliquot (40 mL) of the
fraction under investigation was added to the disk and
the plates were incubated at 28 °C for 72 h until my-
celial growth from the central region had enveloped the
peripheral disks containing the control and formed cres-
cents of inhibition (positive) or enveloped (negative) the
disks with test samples for antifungal activity (20). Three
fungi, obtained from the Plant Biology Division, The Sa-
muel Roberts Noble Foundation, Ardmore, Oklahoma,
USA, Macrophomina phaseolina (charcoal rot), Phymatotri-
chopsis omnivora (cotton rot) and Fusarium avenaceum, were
used in this assay.
Thermal stability
The thermal stability of the antifungal activity of the
purified protein against M. phaseolina was conducted by
using the disc diffusion growth inhibition assay on PDA
plates as mentioned above. The purified antifungal pro-
tein solution (20 mM Tris-HCl buffer containing 0.5 M
NaCl, pH=8.0) was exposed to various temperatures from
20 to 100 °C for 15 min and then subjected to the anti-
fungal activity assay as mentioned above.
Results
The crude protein extract from the seeds of P. dulce,
obtained after the precipitation with 80 % ammonium
sulfate and dialysis, was evaluated for antifungal growth
activity (fungistatic and/or fungicidal) against three phy-
topathogenic fungi. The crude protein showed good anti-
fungal activity, in terms of growth inhibition, against Ma-
crophomina phaseolina at 0.5 mg mass, but showed little
inhibition against the growth of either Phymatotrichopsis
omnivora or Fusarium avenaceum at 1 mg mass (data not
shown). Ion exchange chromatography of P. dulce seed
extract on Resource Q produced an unadsorbed fraction
(Q1) and four adsorbed fractions (Q2, Q3, Q4, and Q5)
(Fig. 1). The unbound fraction (Q1) was found to cor-
respond to the bulk of the antifungal activity against M.
phaseolina, with no significant activity (data not shown)
being detected in the bound fractions (Q2–5). The active
fraction was separated on a Superdex 200 column, yield-
ing four (three distinct) peaks (Fig. 2). However, only one
of the fractions (G4) revealed antifungal activity against
M. phaseolina at 9.6 mg of the purified antifungal protein
(Figs. 2 and 3). Reducing SDS–PAGE suggested that frac-
tion G4 was purified to near homogeneity and comprised
a single protein of ~14.4 kDa, which thus likely repre-
sents the purified antifungal protein from P. dulce seeds
(Fig. 4). The purification yield of the antifungal protein
























Fig. 1. Resource Q anion exchange chromatography of the pre-
cipitate with 80 % ammonium sulfate from the Tris-HCl extract
of Pithecellobium dulce seeds. Fraction with antifungal activity is
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Fig. 2. Gel filtration chromatography of fraction Q1 using a Su-
perdex 200 column. Fraction with antifungal activity is indicat-
ed by asterisk (*)
from P. dulce seeds at each stage is summarized in Table
1, where the final G4 protein extract was ~2.4 % of the
starting crude extract and 0.079 % of the total seed mass.
The antifungal activity assay revealed that inhibition of
M. phaseolina growth was detectable with the G4 protein
fraction at the lowest tested dose of 0.06 mg/mL (Fig.
5A). Moreover, this G4 protein fraction retained signif-
icant antifungal activity at pH=8.0 when incubated at
up to 80 °C for 15 min, but was inactivated at 100 °C for
15 min (Fig. 5B). To identify this antifungal protein, the
purified protein was further characterized by peptide mass
fingerprinting using a nano LC-ESI-MS/MS, and the MS/
MS results of the tryptic peptides were queried against
the NCBInr database via the Mascot program. The anti-
fungal protein G4 was found to match the chicken (Gallus
gallus) egg white lysozyme (NCBI accession no. 630460A),
with a Mascot molecular weight search (MOWSE) score
of 144, derived from a 21 % amino acid sequence cover-
age between the two matched peptides, which is signi-
ficantly higher than the threshold score (52). The amino
acid sequence of the purified antifungal protein (G4) com-
pared to chicken egg white lysozyme is shown in Fig. 6
and it showed a matched amino acid sequence in 28 of
the 129 chicken lysozyme amino acids, representing 21
% coverage, which is sufficient to specify that this anti-
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Fig. 3. Inhibitory activity of the purified antifungal protein (G4)
against Macrophomina phaseolina: a) 20 mM Tris-HCl, pH=8.0,
containing 0.5 M NaCl; b) 0.5 and c) 1 mg of crude protein ob-
tained by precipitation with 80 % ammonium sulfate; and d)
9.6 mg of the purified antifungal protein (G4). The plate shown
is representative of at least 3 replicated assays
Fig. 4. Reducing SDS-PAGE of the purified antifungal protein
from P. dulce seeds (fraction G4 from Fig. 2). From left to right:
molecular mass standards; the purified antifungal protein (frac-
tion G4 from Superdex 200 column); fraction Q1 from the Re-
source Q column chromatography; crude protein extract obtain-
ed by precipitation with 80 % ammonium sulfate
Fig. 5. Determination of the minimum concentration of the an-
tifungal activity of purified antifungal protein (G4) against M.
phaseolina: A: a) 20 mM Tris-HCl, pH=8.0 containing 0.5 M
NaCl, b) 0.06, c) 0.12 and d) 0.18 mg/mL of purified antifungal
protein (G4); B: effect of temperature on the antifungal activity
of 30 mg of purified antifungal protein (G4) against M. phaseoli-
na. Sample disks a, b, c, d and e represent protein previously
exposed to 20, 40, 60, 80 and 100 °C for 15 min, respectively. The
plates shown are representative of at least 3 replicated assays
Table 1. Purification yields of the antifungal protein from P. dulce
seeds (100 g)
Purification step m(total protein)/mg
crude extract from ammonium sulfate
precipitation (80 % saturation)
3260
Resource Q (first peak, Q1) 814
Superdex 200 (fourth peak, G4) 79
fungal protein is highly likely to be a lysozyme. More-
over, this plant lysozyme has molecular mass of 14.4 kDa,
which is close to the molecular mass of chicken egg white
lysozyme, 14.3 kDa.
Discussion
Lysozymes, also known as muramidases or N-ace-
tylmuramide glycanhydrolases, are a family of enzymes
(EC 3.2.1.17) which degrade bacterial cell walls by cata-
lyzing the hydrolysis of the 1,4-b-linkages between N-ace-
tylmuramic acid and N-acetyl-D-glucosamine residues in
peptidoglycans, and between N-acetyl-D-glucosamine res-
idues in chitodextrins. They are responsible for breaking
down the polysaccharide walls of many kinds of bac-
teria and thus provide some degree of protection against
infection. In biotechnological applications, the enzyme
has been used for lysing E. coli and Streptomycetes sp. for
extraction purposes (21), including extracting a group of
specific antigens (22). Lysozymes are widely distributed
in animals and plants. Moreover, large amounts of lyso-
zyme can be found in chicken egg white. The plant lyso-
zymes found in figs (Ficus carica) (23) and papaya (Carica
papaya) latex (24) are chemically distinct from that in chick-
en egg white (25,26). Fig and papaya lysozymes appear
to be homologous to each other, but unrelated to the egg
white lysozyme. The two plant enzymes are similar in
hydrodynamic properties and in amino acid composi-
tion. They have the same amino-terminal but different
carboxyl-terminal residues (23).
In this study, the plant lysozyme isolated from P. dulce
seeds has a molecular mass of approx. 14.4 kDa and anti-
fungal activity against M. phaseolina. This purified lyso-
zyme was successfully identified through nano LC-MS/
MS, and this is the second time that a lysozyme with
antifungal activity has been purified from leguminous
plants. Previously, a novel plant lysozyme of a similar
mass (14.4 kDa) was reported from mung bean (Phaseolus
mungo) seeds using a procedure that involved aqueous
extraction, ammonium sulfate precipitation, ion exchange
chromatography and high-performance liquid chroma-
tography (27). This lysozyme, identified by N-terminal
amino acid sequencing using the Edman degradation
method, had 23 % identity in the N-terminal amino acid
sequence with that of chicken egg white lysozyme. The
mung bean lysozyme exhibited antifungal activity against
diverse fungal isolates such as Fusarium oxysporum, Fusa-
rium solani, Pythium aphanidermatum, Sclerotium rolfsii and
Botrytis cinerea, as well as an antibacterial action against
Staphylococcus aureus. In contrast, the lysozyme isolated
here from P. dulce seeds seems more selective; it shows
antifungal activity against M. phaseolina but not against
P. omnivora and F. avenaceum. Moreover, lysozyme is well
known as an antibacterial protein, with activity against
Gram-positive and Gram-negative bacteria. Its bactericid-
al property is hypothesized to reside in its muramidase
activity, leading to degradation of the murein layer and
reduction of the mechanical strength of the bacterial cell
wall, resulting in the killing of the bacteria by lysis (28).
Thus, antibacterial activity and discrimination between
fungistatic and fungicidal activities of this purified pro-
tein from P. dulce seed should be further studied.
Conclusion
A lysozyme has been isolated, purified and identi-
fied from Pithecellobium dulce seeds by using chromato-
graphy techniques and tandem mass spectrometry with
Mascot database searching. This plant lysozyme has mo-
lecular mass of 14.4 kDa, which is close to the molecular
mass of chicken egg white lysozyme (14.3 kDa), with which
it also shares a high degree of partial amino acid se-
quence similarity. Moreover, plant lysozyme shows the
antifungal ability against Macrophomina phaseolina with a
rather high thermal stability at up to 80 °C for 15 min
(at pH=8.0).
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